Here we analyze the effects of alkali carbonate (Na The best results achieved showed a power density of 500 mW/cm 2 and an OCV of 1.2 V at 500 o C. The highest OCV observed was 1.4 V. The fuel cell exhibits both molten carbonate and low-temperature solid oxide fuel cell reactions.
I. INTRODUCTION
of alkali carbonate (Na 2 CO 3 and K 2 CO
3
). This means that part of the CO 3 2-may potentially combine with other ions instead of the alkali ions to form new compounds instead of alkali carbonate.
The aim of this paper is to clarify the role of the carbonate in the electrolyte to the electrochemical performance of the SDC-carbonate based CFC fuel cells. In addition, the role of CO 2 as oxidant is discussed. This information could help to improve the stability and the electrochemical performance of CFCs.
II. EXPERIMENTAL Sample Preparation
Samarium-doped cerium with carbonate (CSDC) was synthesized by co-precipitation method (Na 2 CO 3 and K 2 CO 3 with equal molar amount) [10] [11] [12] . We prepared six types of electrolyte samples and one electrode for the analyses, which are summarized in Table 1 and described in detail in following:
• ) Samarium doped cerium (SDC) combined with carbonates enables to construct a ceramic fuel cell (CFC), also often called the low-temperature solid oxide fuel cell (LT-SOFC). It demonstrates outstanding ionic conductivity and power density at much lower temperature better than the conventional YSZ-based SOFCs. Ionic conductivities were above 0.4 S/cm [1] at 600 o C and a power density was close to 1000 mW/ cm 2 at 470 o C [2] . A power density of 1700 mW/cm 2 has been reported at 650 o C [28] .
One explanation to the notable performance may be the so-called ionic "high-way" originated from the alkali carbonate in SDC [3] [4] [5] . Another explanation presented is the bond energy of carbon and oxygen in CO powder was prepared by co-precipitation method.
• Sample 2: 10 g Sample 1 was washed and filtrated 5 times with 5 liters of de-ionized water and finally was dried at 200 o C in oven.
• Sample 3: a large number of electrolyte button cells (diameter 13mm, thickness 2mm) were made from Sample 1 and with silver paste painted on both sides. The cells were run with air as oxidant and H 2 as fuel at 550 o C. The voltage of the electrolyte cell has been keeping during 0.76-0.8 V for about 2 hours. The cell was gradually cooled down to room temperature with gas feeding on it in four hours after measurement.
• The Sample 1 and 2 was used to measure the elements lost after the washing, the other three Samples represent the cases for ion movement in the oxidation-reduction reactions at high temperature. The element distribution of Sample 2 was measured by EDS (JSM-7500F) and XPS. The rest of the samples were measured by EDS. The results shown in Table 1 are the average values of several samples. The molar ration between Sm and Ce is designed as 1:4 in SDC; the ratio of Sm to Ce in table 1 is quite close to 1:4 with very small deviation/error (the biggest one is 1.9% in sample 4 air side).
Sample 1 is the basic material used to prepare all other samples. First, Sample 1, 2 and Sample 3, 4, 5 (2mm thick) were used to check that part of the carbonate exists in different states in CSDC. Second, 0.8mm thick Sample 4 and 5 (fuel cell) were used for fuel cell measurement to prove that CO 2 mixed with air as oxidant improve fuel cell power density and OCV.
Characterization of SDC, CSDC, and washed CSDC samples
Next we characterized the samples described in Table 1 more in detail with XPS, XRD, SEM and HRTEM for structural and morphological analyses.
The XPS of CSDC (Sample 1) and washed CSDC (Sample 2) is shown in Fig.1 . The washing clearly removes the alkali ions (Na
, whereas small amount of CO 3 2-compound remain which could indicate that not all of the carbonate ions combine with the alkali ions in CSDC. Also, the carbon content on the cathode side (Table 1 , Sample 3 Air side) of the cell was higher than that on its anode side (H 2 side). The CO 3 2-does not exist in free status here, it combines with other positive ions to form neutral materials, and here the carbon content represents the CO 3 2-. In Fig.2 , the X-ray diffraction of two powder samples (Samples 1 and 2) and pure SDC was measured at room temperature with the PANalytical X'Pert PRO MPD instrument. The samples were scanned with CuKa radiation (45 kV and 40mA; λ=1.5406Å; step size 0.02630 with the 2θ ranging from 20 to 90). In Fig.2 , all the peaks were indexed to the cubic fluorite-type structure CeO 2 (JCPDS 34-0394), indicates that the crystal structure of standard SDC dominants in all three cases. No other crystal structure e.g. typical to alkali carbonate was found, but the alkali carbonate could in theory be in an amorphous phase in the CSDC not revealed by the XRD, the same phenomenon was found in literature [13] [14] [15] [16] .
The XRD pattern of electrode material NiCuZnO (without mixing with electrolyte) is shown in Fig. 3 . The data shows that no new phase is formed in the NiO/ CuO/ZnO, which implies that no chemical reaction occurs between NiO, CuO, and ZnO. Equally, there is no other phase peak except those of these three materials. Fig. 4 to analyze the morphology and structure of the powder generated in the synthesis phase. Morphology and particle shapes were showed in Figures 4 a and b, Fig.  4 c and d show the shape and size of the crystals, and Fig. 4 e and f presents their single crystals structure.
SEM and TEM were applied in
It is hard to identify alkali carbonate from the SEM image, the same has happened in studies as well [13] [14] [15] [16] . From Fig. 4a and b we see that the particle shape of Samples 1 and 2 is about the same in all cases with agglomerate sizes around 100-200nm. The crystal size of Sample 1 and 2 is around 50-100 nm and have clearly one phase structure. The XRD patterns of SDC, CSDC in Fig.2 and TEM patterns in Fig. 4 indicates that the carbonate has not penetrated inside the SDC crystal, or there will be peaks of other compounds not just peaks of SDC and has a single crystal structure [13] . 
III. FUEL CELL MEASUREMENTS
Complete coin-sized CFC cells (Sample 6) with an anode support structure were tested against temperature and oxidant mixture. The cells have similar structure as Sample 4 and 5, but with a thinner thickness. The fuel cell measurement results are shown in Fig. 5 for a temperature range of 400-500 o C with and without CO 2 in the oxidant. Adding CO 2 clearly increases the power and current density, but also the OCV of the fuel cell. The carbonate in CFC is in a molten phaseat higher temperature, which means that in addition to the LT-SOFC redox reactions, also molten carbonate fuel cell reactions could be present, which could enhance the performance [28] . Therefore, a combination of molten carbonate fuel cell [17] [18] [19] and LT-SOFC [20] [21] [22] 
Oxygen ions as current carrier:
From Fig.5 we see that when CO 2 is used in the oxidant, the OCV of CFC cells will be enhanced at 400-500 o C. The same holds for the power density. The best CFC test cell gave an OCV of 1.2 V and a power density of 500 mW/cm 2 at 500 o C when mixed CO 2 with air as oxidant in Fig.4c , but without CO 2 the current and power density dropped considerably, which demonstrates the presence of the MCFC reactions. The highest OCV observed was 1.4 Vat 500 o C (390 mW/cm 2 power density) in Fig. 5d when CO 2 was mixed into oxidant. Then the OCV dropped to 1.06V with a power density is 200 mW/cm 2 when the CO 2 supply was cut off. Dropping the operational temperature to 400 o C reduces the effect from CO 2 significantly, which is explained by disappearance of the molten carbonate phase. It is known that hightemperature molten carbonates may reach a high OCV as found in Fig. 5d [25] .
The fact that several fuel cell reactions may be involved could also explain a higher voltage, in particular when CO 2 is fed as its concentration across the fuel cell could affect the voltage through the Nernst equation.
is much higher than the stoichiometric ratio of alkali carbonate (CO 3 2-: Na + or K + = 1 : 2). This could mean that a part of the carbonate in the CSDC is not bounded as Na 2 CO 3 or K 2 CO 3 . This claim is supported by Fig. 1a and 1b which shows that carbonate was still present (34% 18.1%) after washing which removed the alkali ions (in Sample 2). In Samples 3 and 4, we found an increased carbonate content on the cathode side which could be explained by the CO 2 in the air fed into the cathode, which increased to a very high value in Sample 5 when deliberately mixing CO 2 to the feed oxidant gas. Compared with the cathode side of Sample 3, 4 and 5, the carbonate content on their anode after electrochemical reactions was much lower as the hydrogen reacts with CO 3 2-to generate water and carbon dioxide according to the reaction (1). The CO 3 2-diffuses to the anode from the cathode through the interface conducting highway effect due to the concentration gradient [5, 6] at high temperature. Figure 5 showed that the electrochemical performance of the fuel cell was improved when using an air and CO 2 gas mixture as oxidant and H 2 as the fuel. In Fig. 5 c and 3 2--2e -→3CO), which is much higher than the theoretical OCV of 1.07V for a standard hydrogen-oxygen fuel cell at 500 o C [26] [27] [28] [29] . We did not, however, observe direct deposition of carbon on the anode side. On the other hand, when several gases and ions are involved, one explanation could also be the activities of the species involved through the term: the product of the activities of the total number of equivalents of anode and cathode reactants and products [30] .
V. CONCLUSIONS
In this study, we have investigated SDCcarbonate based ceramic fuel cells, which combine both MCFC and LT-SOFC fuel cell reactions. We found that a large amount of carbonate remained outside the alkali carbonate structures, and the carbonate could bound with other ions to generate new compounds. Feeding CO 2 to the cathode transformed it into CO 3 2-as in a MCFC. The free CO 3 2-ions improved the current density of the fuel cell during fuel cell reaction when the operation temperature was higher than the carbonate softening temperature [4] [5] . Also, the OCV of the fuel cell was enhanced by a mixture of CO 2 and air as oxidant compared to the H 2 -O 2 fuel cell. A maximum OCV of 1.4 V was reached at 500 o 
IV. DISCUSSION
The contents of carbonate, alkali, and oxygen ions in the samples varied in the samples presented in Table 1 depending on the operational conditions and sample treatment. Cerium and samarium remained constant in all cases.
Taking a closer look into the results in Table 1 shows that the carbon/carbonate content in Sample 1 is much higher than that of the alkali ion content. Actually, the carbonate to alkali ratio is 1.71:1, which →
